The initial event and site of cocaine-induced hepatic injury have not been elucidated. In an attempt to identify the minimal effective dose and the site of injury, we have examined the livers of mice exposed to small daily doses of cocaine, using morphological and biochemical methods. All doses of cocaine greater than 5 mg/kg were able to cause significant elevation of serum glutamic pyruvic transaminase. Light microscopy revealed a progression of centrilobular necrosis as the dose increased from 10-30 mg/kg. The initial morphologic changes observed prior to necrosis included aggregation of intermediate filaments and dilation of rough endoplasmic reticulum with loss of ribosomes. Immunohistochemistry, using antibodies to cytokeratins, showed staining of individual hepatocytes in livers from cocaine-treated animals but not in controls. In contrast to earlier reports, we found little, if any, disruption of mitochondria. In vitro, the direct application of cocaine, norcocaine, and N-hydroxynorcocaine on isolated mitochondria had no effect on the ADP:O or respiratory control ratios, at concentrations up to 2.0 mM. Our studies demonstrate that any early cellular alterations in cocaine-induced hepatic injury are manifested in intermediate filaments and endoplasmic reticulum with no evidence of mitochondrial involvement.
INTRODUCTION
Administration of cocaine produces hepatic necrosis in mice (14, 35) . The damage can be caused by a single high dose or a series of subacute injections (15, 16, 37) . In the last few years, evidence that humans may also be sensitive to cocaine-induced liver damage has appeared (8, 19, 24, 31, 36, 40) .
Liver damage in mice is due to the action of a metabolite produced by the cytochrome P-450 mixed function oxidase system rather than cocaine itself (12, 3 8) . The identity and mechanism by which the N-oxidative metabolite(s) induce(s) cell death remain unresolved.
Kloss et al (23) have proposed that cocaine liver injury is the result of lipid peroxidation caused by the futile cycling between norcocaine nitroxide and N-hydroxynorcocaine. Recent ultrastructural studies designed to elucidate the site of injury have lent support to the lipid peroxidation model. Gottfried et al (18) gave mice a single high dose of cocaine (60 mg/kg ip) and collected samples at time points from 30 min to 8 hr following treatment. At I hr, there was swelling of rough endoplasmic reticulum (RER) and, later, swelling and disruption of mitochondria and peroxisomes. Mehanny et al (27) looked at livers of mice after 5 daily low doses of cocaine (10-30 mg/kg). They described similar effects on the RER, but did not report any changes in mitochondria, and only a small proliferation of peroxisomes.
However, growing evidence suggests that lipid peroxidation may be a consequence rather than the cause of cell death (5, 25) . Peterson et al (32) found they could block lipid peroxidation caused by cocaine administration to isolated rat or mouse hepatocytes but still observe cell toxicity. Two groups have reported similar findings in in vivo studies where liver injury was observed without detection of lipid peroxidation (9, 33) .
Another possible mechanism for cocaine-induced cellular injury may be the covalent binding of a cocaine metabolite to cellular macromolecules, thereby interfering with some vital cellular function. There is a good correlation between liver damage and the extent of drug-protein binding for a number of other hepatotoxic drugs and chemicals (3, 5, 17) . Evans (13) has shown covalent binding of cocaine in vivo, especially in the microsomal fraction, while Bouis and Boelsterli (7) recently demonstrated cocaine binding in primary rat hepatocyte cultures.
No specific target involved in cell injury has yet been described. 4 4 The purpose of this study was to detect the initial cellular abnormalities induced by cocaine prior to membrane disruption, and to identify a site where the target for covalent modification might exist.
Therefore, we chose a model system in which the subacute dosage regimen produces mild to severe damage over a number of days (37) rather than the rapid onset of toxicity produced by a large acute dose of cocaine. Slower development of injury, using the subacute regimen has enabled us to detect changes that were not evident previously.
We are now reporting that, in our model of cocaine-induced progressive hepatic damage, injury is manifested by aggregation of intermediate filaments, and dilation of rough endoplasmic reticulum with loss of ribosomes, followed by centrilobular necrosis.
MATERIALS AND METHODS
Cocaine HCI, malate, glutamate, succinate, butylated hydroxytoluene (BHT), phenylmethylsulfonyl fluoride (PMSF), and ADP were purchased from Sigma (St. Louis, MO). Norcocaine and N-OH norcocaine were synthesized according to the methods of Borne et al (6) and Misra et al (28) . Potassium phosphate was from Mallinckrodt and all other chemicals were obtained from Fisher. Male B6AF,/J hybrid mice (C57BL/6J x A/J) were obtained from Jackson Laboratories, Bar Harbor, ME, at 6-8 weeks of age. Mice were housed on pine bedding in clear plastic cages, 5-6 animals per cage at 22°C with a light/dark cycle of 14/10, not reversed. Animals were allowed food and water ad libitum. Experiments were performed on mice at 9 to 16 weeks of age, with weights ranging from 30-40 g. All investigations using animals were carried out under the NIH guidelines for humane treatment of animals.
Cocaine and norcocaine (0-30 mg/kg) in 0.15 M NaCI were injected intraperitoneally (ip) at approximately 4 pm daily for 1-5 days. Blood was collected from the orbital sinus at 8 am on the morning following the final injection. Serum glutamic pyruvic transaminase (SGPT) activity was determined using a Sigma kit (No. 505) and quality control standards (No. S 1005 and No. S 2005, Sigma, St. Louis, MO). Mice were sacrificed by cervical dislocation after bleeding. Blood was cleared from the liver by perfusion of phosphate-buffered saline (PBS) (0.01 M P04, 0.15 M NaCI pH 7.4) through a 22 gauge butterfly needle inserted in the portal vein. Perfusion was performed manually to control pressure and prevent swelling of the liver.
Livers were prepared for electron microscopy by perfusion with approximately 15 ml of Trump's fixative (26) . Cubes measuring 1-2 mm were postfixed in 2% aqueous osmium tetroxide, dehydrated, stained en bloc with 5% uranyl acetate, and embedded in Epon 812. One micrometer-thick sections were stained with toluidine blue and examined by light microscopy. Thin sections were cut at 50-70 nm on an ultramicrotome (LKB 8801), stained with uranyl acetate and lead citrate, and examined and photographed with a Philips Em 201 electron microscope.
For immunohistochemistry, we used a standard diagnostic technique which is briefly summarized. Livers were fixed by perfusion with Camoy's fixative (4), sliced into 3-5 mm slices across the length of the entire lobe, and embedded in paraffin. Five Am sections were deparaffinized and hydrated. Endogenous peroxidase was blocked with H202. Sections were then incubated with diluted normal horse serum followed by an overnight incubation with primary mouse antikeratin antibodies. Antibodies against low molecular weight (AE 1 ) and high molecular weight (AE3) keratins (Signet, Dedham, MA) were used. Sections were rinsed in PBS, incubated with biotinylated anti-mouse antibodies, washed with PBS, and incubated with avidin-biotin-peroxidase complex. Horseradish peroxidase was activated by incubation in a PBS solution containing diaminobenzidine and H202. Sections were washed, counter-stained with hematoxylin, and dehydrated. Coverslips were mounted with permount.
Preparation of mitochondria and oxygen uptake studies were carried out according to the method of Aprille and Asimakis ( 1 ) . For cytochrome P-450 analysis, livers were homogenized in a Potter-Elvehjem homogenizer with a Teflon pestle in isolation buffer containing 0.05 mM BHT and 0.12 mM PMSF as protease inhibitors.
The preparative centrifugation was 17,000 x g for 10 min at 4°C to remove nuclei, mitochondria, and lysosomes. Microsomes were isolated from the supernatant by ultracentrifugation at 105,000 x g for 1 hr at 4°C. The microsomal pellet was resuspended in 1.5 ml of 0.1 M phosphate buffer containing 20% glycerol (v/v) and stored at -80°C. Cytochrome P-450 content was determined by the method of Omura and Sato (29, 30) . Protein concentrations were determined by either the fluorescamine method (39) or with a BCA protein determination kit (Pierce Rockford, IL).
Statistical significance was determined using the Wilcoxon rank sum test with the level of significance set at p < 0.05.
RESULTS

SGPT Assay
SGPT levels were determined after mice were treated with daily injections of saline or cocaine (Table I) . To find the minimum dose of cocaine which produces damage, low doses ranging from 5-30 mg/kg were tested. SGPT levels were dependent on both the dose of cocaine and the number of days of treatment. No significant increases in SGPT levels were detected after the first 2 administrations of cocaine at any of the doses. The third administration of 20 or 30 mg/kg caused a significant increase in SGPT levels. Two additional days of treatment did not increase SGPT levels further. The 10 mg/kg dose produced a small but significant elevation only after 4 daily treatments and no further increase after a Sth administration of cocaine. Following 10 days of 10 mg/kg, SGPT levels returned to control values (data not shown). The lowest dose, 5 mg/kg, did not produce any elevation of SGPT levels even after 5 daily administrations. Comparison of the results of the 5-day treatments shows that the SGPT levels increased progressively as the dose of cocaine increased.
The N-oxidative metabolites, norcocaine and N-OH norcocaine (N-OHNC), which are more potent in causing injury than cocaine when given acutely, produced a significant elevation of SGPT levels after just one injection of 30 mg/kg ip. Interestingly, neither metabolite was able to cause any change in SGPT levels even after 10 daily injections when the dose administered was decreased to 10 mg/kg ip (data not shown).
Light Microscopy
Light microscopy ( Fig. 1 A-D) of 1 Am sections after 5 administrations showed a progressive pattern of centrilobular damage with increasing doses of cocaine. Hepatocytes from animals treated for 5 days with 10 mg/kg demonstrated a loss of glycogen from those cells immediately adjacent to the central vein ( Fig. 1 B) . The mouse from which this liver was taken had a normal SGPT value of 12.1 U/L. The liver section from a mouse treated with 20 mg/kg showed swelling and fine vacuolization of the centrally located hepatocytes with a further decrease in glycogen content in cells increasingly distant from the central vein (Fig. 1 C) . The SGPT of this mouse was 420.8 U/L. The liver from a mouse injected with 30 mg/kg contained central hepatocytes which had lost nuclei and cellular detail. The nuclei of Kupffer cells could still be observed in these regions. Occasionally, swollen vacuolated hepatocytes appeared at the junction of necrotic and viable hepatocytes ( Fig. 1 D) . The SGPT of this animal was only 89.8 U/L, yet the damage appeared more severe and affected a larger area than in the animal receiving 20 mg/kg/day.
Electron Microscopy
Since we were interested in studying early changes caused by cocaine, we chose to concentrate on livers from mice that showed little or no elevation in SGPT levels. Electron micrographs of saline-injected control livers showed glycogen-rich hepatocytes (Fig.  2) . At higher magnification, prominent profiles of rough endoplasmic reticulum were seen interspersed among deposits of glycogen (Fig. 2 inset) . After treatment with 15 mg/kg cocaine, the hepatocytes appeared normal but contained less glycogen than controls (Fig. 3) . A more subtle change was the presence of small bundles of intermediate filaments which can be seen more clearly at higher magnification ( Fig. 3 inset) . Aggregation of intermediate filaments was observed in many hepatocytes from livers treated with cocaine (10, 15, 20 , and 30 mg/kg) and FIG. 1. -Light micrographs of 1 jum thick sections of representative hepatic centrilobular regions stained with toluidine blue from A) control mouse illustrating the presence of glycogen-rich hepatocytes; B) mouse that received 5 daily injections of 10 mg/kg ip cocaine, showing the gradual loss of glycogen in centrally located hepatocytes; C) mouse that received 5 daily injections of 20 mg/kg ip cocaine, demonstrating the swelling of centrally located hepatocytes; and D) mouse after 5 daily injections of 30 mg/kg ip cocaine, demonstrating the loss of nuclei and cellular detail of hepatocytes at the centrilobular region, with retention of nuclei of Kupffer cells. Occasionally, swollen vacuolated hepatocytes are noted at the junction between the viable and necrotic hepatocytes (arrow). x 248. norcocaine (10 mg/kg). Occasionally, an isolated cell with severely dilated rough endoplasmic reticulum (RER) was seen adjacent to normal hepatocytes (Fig.  4 ). The cytoplasm appeared to be filled with dilated RER cistemae, including perinuclear cistemae. RER membranes were naked, due to the loss of their ribosomes. However, the mitochondria remained relatively intact. Higher magnification ( Fig. 4 inset) revealed the presence of cytoplasmic lipid droplets and a number of RER cistemae containing osmiophilic globules (i.e., lipid droplets). The number of severely injured cells with dilated RER increased with increasing dosage and exposure to cocaine.
However, there was no apparent increase in the amounts of smooth endoplasmic reticulum (SER). Subacute exposure to cocaine at a higher dose of 30 mg/kg for 5 days resulted in necrotic hepatocytes ( Fig. 5 ) with pyknotic nuclei, lipid droplets, and loss of cytoplasmic matrix. All of the cytoplasmic organelles, including the RER and mitochondria, had disintegrated ( Fig. 5 inset) . Cells adjacent to the necrotic hepatocytes showed no ultrastructural changes except for the appearance of bundles of intermediate filaments.
Immunohistochemistry
Since we observed intermediate filaments in many livers from cocaine treated animals, we used im- hepatocytes. The hepatocytes contain less glycogen than controls, and small bundles of intermediate filaments (-) are Fig. 6 .-Section of a liver from a mouse exposed to 15 mg/kg ip cocaine for 5 days and probed with an antibody (AE3) against high molecular weight cytokeratins. Note the positive staining of a single hepatocyte (arrow) and bile duct (arrowhead). x 248. munohistochemistry to demonstrate the aggregation of cytokeratins in response to cocaine. Sections were probed with antibodies to both high and low molecular weight cytokeratins. Approximately 2-3% of the observed hepatocytes in treated livers displayed a positive reaction to both antibodies (Fig.  6 ). In control livers, only the bile duct epithelium showed immunoreactivity.
Mitochondrial Function
Electron microscopy failed to reveal any disruption of mitochondria except in severely injured cells. Loss of mitochondria was seen only in necrotic cells in which there was a general disintegration of cytoplasmic organelles. This observation does not suggest that mitochondria are a target for cocaine-induced damage. However, it is possible that functional impairment of the mitochondria could take place without obvious morphological changes. Therefore, we examined the effect of cocaine, norcocaine, or N-OHNC on isolated mitochondria. Using oxidizable substrates for both site 1 (glutamate/malate) and site 2 (succinate), we tested mitochondrial function by measuring 02 consumption and calculating both the respiratory control ratio (RCR) and the ADP:O ratio. Our preparation of isolated mito-~
The hydrochloride salt of cocaine was injected ip once per day, and livers were removed the morning following the final injection. The microsomal fraction was isolated by differential centrifugation and cytochrome P-450 determined by difference spectroscopy using an extinction coefficient of 91 mM-' cm-' for the carbon monoxide adduct of reduced Cytochrome P-450 Content One possible explanation for the development of injury after subacute administration might be that cocaine is inducing its own N-oxidative metabolism. Although we observed no increase in SER, we directly measured the cytochrome P-450 concentration in liver microsomes. The amount of total cytochrome P-450 per milligram of microsomal protein did not differ from controls after the first 2 administrations of cocaine for all doses tested (Table  II) . Only the third administration of 30 mg/kg caused a change in the P-450 concentration. There was a 45% decrease from 0.86 nmoles/mg of microsomal protein in control mice to 0.47 in treated mice.
DISCUSSION
Our studies demonstrate that cocaine-induced hepatic injury can be achieved with as little as 3 daily administrations of 10 mg/kg ip. The extent of inj ury is dependent on both the dose of cocaine and the number of administrations. The doses used in our than those of control mice in Fig. 1 . The injured binucleate hepatocyte in the center shows dilated endoplasmic reticulum and perinuclear cistemae. x 3,900. Inset: Higher magnification (boxed area) of the cytoplasm showing a gap junction (GP). The endoplasmic reticulum of the injured cell is dilated and without ribosomes; in addition, some cistemae contain osmiophilic globules (*). x 17,600.
FIG . 5. -Electron micrograph from a liver of a mouse that received 5 daily administrations of 30 mg/kg ip cocaine, exhibiting 3 apparently normal and 2 necrotic hepatocytes, all of which contain lipid droplets. The necrotic hepatocytes show a shrunken irregularly shaped nucleus, loss of cytoplasmic matrix, and loss of endoplasmic reticulum profiles. x 3,900. Inset: Higher magnification (boxed area) of the cytoplasm demonstrating disintegrating cytoplasmic organelles in the necrotic cell adjacent to cells with intermediate filaments. x 17,600. study are comparable to the doses that have been reported in human cases of cocaine abuse ( 10, 41 ) . Although only a few cases of cocaine-induced hepatic injury in humans have been reported, the doses at which we could induce changes in mouse livers suggest that more undetected cases may exist.
Cocaine-induced hepatic injury has been observed in all 3 acinar zones, depending on strain of mouse and method of induction used to produce damage (15, 22, 33, 35) . In studies employing low doses of cocaine, Freeman and Harbison (16) reported periportal necrosis after 2 weeks of 20 mg/ kg or 1 week of 30 mg/kg in Swiss-origin mice. Mehanny and Abdel-Rahman (27) observed midzonal as well as centrilobular changes in CF-1 mice after 5 daily doses of 10 mg/kg. We observed alterations in the centrilobular region after as little as 3 doses of 10 mg/kg. The difference in strains, housing conditions, and routes of administration between the studies may explain the difference in sensitivity and localization of injury.
The cellular alterations revealed a progressive pattern of injury. We found that subacute administration of cocaine induced progressive changes, including decreased amounts of glycogen, aggregation of intermediate filaments, dilation of the naked RER with some intracistemal lipid droplets, increase in lipid droplets in the cytosol, and necrosis. It is noteworthy that we found no apparent increase in SER, and that mitochondrial abnormalities were seen only in dying cells.
Comparison of our morphologic and biochemical results shows that with multiple subacute administrations there is no exact correlation between the amount of SGPT leakage and the extent of hepatic injury. This apparent paradox may be explained by the fact that histology shows the cumulative effect of cocaine, while changes in SGPT levels are more transient. The number of administrations required to produce a significant elevation of SGPT varies, depending on the dose of cocaine. Continued administration of a given dose results in a plateau and an eventual decrease in the SGPT level.
Measurement of cytochrome P-450 concentrations showed that cocaine did not increase total P-450 levels before the onset of necrosis. These findings correlate with the morphological data which show no increase in the amount of SER. Cocaine and its metabolites, at concentrations 100-fold higher than needed to produce liver injury in vivo, were unable to affect mitochondrial respiration in vitro.
These results correlate with our morphological data which showed no physical disruption of mitochondria. The morphological and biochemical data indicate that the SER and mitochondria are not the primary targets in cocaine-induced injury.
Of particular interest is the appearance of intermediate filaments in cocaine-treated hepatocytes. To our knowledge, this is the first report of the disruption of the hepatocyte cytokeratin filament network in cocaine-induced liver damage. Cytokeratin filaments are known to be involved in nuclear and cytoplasmic structure (20, 41 ) and many important hepatocyte functions including bile formation (21) , transport to and from the nucleus (20) , and protein synthesis (43) . Derangement of cytokeratin filaments has been noted in a number of liver disorders such as liver neoplasms, Wilson's disease, and primary biliary cirrhosis (42) . Most notably, the extensive aggregation of cytokeratin filaments is observed in alcohol-induced liver disease (i.e., alcoholic hyalin) and in response to antitubulin agents such as colchicine and griseofulvin (2, 11) . It has been proposed that alcohol-induced effects on cytoskeletal components may be the primary morphologic event observed in alcohol-induced liver damage (34) . Disruption of the cytoskeletal network leads to the inhibition of protein secretion and cytoplasmic swelling (2) . The observation in our study of the buildup of lipids, the dilation of cistemae of RER containing osmiophilic globules, and the loss of membrane-bound ribosomes suggests that protein synthesis and transport may be disrupted in cocainetreated hepatocytes. Inhibition of protein synthesis has been reported to occur in isolated rat hepatocytes after cocaine administration (7) .
In conclusion, this study demonstrates that cocaine-induced hepatic injury in male B6AF1/J mice occurs in response to doses equivalent to those taken by humans abusing cocaine, and that intracellular changes are occurring in the absence of detectable increases of SGPT. The initial injury occurs in centrilobular hepatocytes and appears to affect the cytoskeleton and rough endoplasmic reticulum, probably altering protein synthesis and secretion in these cells.
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